Objective: The present study aimed to investigate whether cognitive reserve moderated the association between depressive symptoms and cognition, as well as brain volumes in a sample of older adults. Methods: Non-demented participants (n = 3484) were selected from the Washington Heights/Hamilton Heights Inwood Columbia Aging Project (Northern Manhattan). A subsample of these participants without dementia (n = 703), who had brain imaging data, was also selected for a separate analysis. Depressive symptomatology was assessed with the 10-item Center for Epidemiologic Studies Depression Scale. Reading level and years of education were used as measures of cognitive reserve. Four distinct cognitive composite scores were calculated: executive function, memory, visual-spatial, and language. Results: Multiple regression analysis revealed interaction effects between both measures of cognitive reserve and depressive symptoms on all the cognitive outcome measures except for visual-spatial ability. Those with greater reserve showed greater cognitive decrements than those with lower levels of reserve as depressive symptoms increased. A borderline interaction effect was revealed between reading level and depressive symptoms on total brain volumes. Those with lower reading scores showed greater volume loss as depressive symptoms increased than those with higher reading scores. Conclusions: Our findings indicate that the association between late-life depressive symptoms and core aspects of cognition varies depending on one's level of cognitive reserve. Those that had greater levels of education and/or reading ability showed a greater decrease in memory, executive, and language performances as depressive symptoms increased than those with lower years of education and reading ability.
Introduction
Individuals with late-life depression (LLD), including depressive symptoms, frequently present with neuropsychological impairment (Boone et al., 1995; Dufouil et al., 1996; Butters et al., 2004) but not always (Bieliauskas et al., 1991; Lockwood et al., 2000) . Those that do present with neuropsychological impairment are particularly impaired on tasks of executive function and processing speed (Raskin, 1986; Geffen et al., 1993; Sheline et al., 2006) . However, memory (Biringer et al., 2005) and visual-spatial ability (Hart et al., 1987) have also been found to be impaired in other studies. Furthermore, some investigations suggest that LLD increases the risk for continued cognitive decline and subsequent dementia, even after symptoms remit (Green et al., 2003; Ownby et al., 2006; Lee et al., 2007) , while in other studies, these associations were not found (Lindsay et al., 2002; Ganguli et al., 2006; Becker et al., 2009) . The question as to why depression in late life can have a pervasive negative influence on cognition in some individuals but not all remains to be reconciled. Methodological factors, including how depression is operationalized and ultimately measured, may account for some of these inconsistent findings. However, it is also possible that there are some moderating psychosocial factors that may influence the cognitive profile of individuals with LLD.
Mounting epidemiologic studies report factors that may protect against the onset of LLD. Factors such as educational attainment (Kessler et al., 1995; Kim et al., 2002; Ladin, 2008) , socio-economic status (Turner and Lloyd, 1999; Pinquart and Sörensen, 2000) , and birth weight (Thompson et al., 2001) have been shown to influence the risk of LLD. However, very few studies examined how the association between depression and cognitive performance may be moderated by these factors. The cognitive reserve (CR) hypothesis outlined by Stern (2003) provides a framework for elucidating the relationship between depression and cognitive ability in older adults. According to this hypothesis, both familial/genetic factors, such as IQ, and environmental factors, such as education, lifetime occupation, and literacy, contribute uniquely to CR. The higher an individual's CR, the better they are in coping cognitively with pathology due to disease, such as dementia. Given that there is now a growing body of literature that has linked LLD with increased white matter hyperintensity (WMH) volume (Jansson et al., 2003 ; for a review, see Herrmann et al., 2008) and hippocampal atrophy (Lloyd et al., 2004) , as well as a decrease in total brain volume (Geerlings et al., 2012) , we may also consider LLD to be a type of age-specific disease with possible distinct neurobiological substrates. Thus, the CR hypothesis may be particularly useful for explaining the variable relationship between depressive symptoms in late life and cognitive function reported in the literature.
Wight and colleagues (Wight et al., 2002) investigated how educational attainment, post-educational training, and occupation influenced cognitive function in a sample of community-dwelling older men. The authors reported that greater educational attainment moderated the influence of depressive symptoms on cognition but only when depressive symptoms were more severe. Conversely, Bhalla et al. (2005) found that educational attainment did not have a moderating effect on neuropsychological performance in a sample of depressed patients. However, the authors highlighted several methodological issues that may have influenced their results, including lacking a truly low-educated comparison group, a relatively small sample size, and a non-comprehensive neuropsychological assessment (e.g., a single test measure was used for each cognitive domain). Moreover, the authors in this study, as well as the previous studies, only included a single CR proxy in their analysis. It is possible that some measures of CR are more sensitive than others in different population samples. This possibility is supported by a study that demonstrated that reading level was a more sensitive indicator of CR than years of education in a ethnically diverse sample (Manly et al., 2005) . These findings highlight the practical importance of using multiple measures of CR to gain a fuller understanding of its association with cognition.
Overall, there is a paucity of published research that has specifically investigated the association between CR and depressive symptoms on a range of cognitive performances in late life. In the present study, we sought to investigate some of these potential associations and bring some clarity to the complex relationship between LLD and cognition. In a sample of non-demented older adults, we expected that those with higher CR would be buffered against the potentially adverse influence of depressive symptoms on cognition and that this effect would be less for those with lower CR. Furthermore, a previous study, based on the same sample of participants reported in the present study, found that depressive symptoms were significantly associated with smaller overall total brain and hippocampal volumes, as well as larger WMH volumes (Geerlings et al., 2012) . Thus, we explored whether CR would also moderate this association. We expected that greater levels of CR would attenuate the possible influence of depressive symptoms on these structural characteristics of the brain.
Methods

Participants
Participants for the present study were selected from the Washington Heights/Hamilton Heights Inwood Columbia Aging Project (WHICAP), a prospective study of aging and dementia in Medicare-eligible northern Manhattan residents. Further details on the study and sampling procedures have been described elsewhere (Tang et al., 2001) . In brief, participants come from a racially and ethnically diverse population (i.e., Hispanic, African American, and non-Hispanic White) aged 65 years and older. Participants have been assessed at approximately 18-24-month intervals since the time at which the study began in 1992 (first cohort) and 1999 (second cohort).
Baseline assessments
The WHICAP participants are assessed and interviewed in person in their preferred language (i.e., English or Spanish) at each clinical visit. Each assessment is identical procedurally from which data on current health status, functional ability, medical history, and neurological status are obtained. Participants also received a neuropsychological test battery (Stern et al., 1992) . We selected data from the baseline assessments of each potential participant for our first part of our analysis (n = 3624). To examine whether CR moderated the association of depressive symptoms on brain volumes, we also selected the subsample of participants (n = 769) who also received high resolution structural magnetic resonance imaging (MRI) for this part of our analyses (for details of this imaging project, please refer to Brickman et al., 2008) .
Exclusion/inclusion criteria
We excluded individuals who had a diagnosis of dementia from both parts of our analysis (See supporting material for basis of diagnosis). In addition, data from participants with any other major neurological disorders (e.g., brain tumor, epilepsy, Parkinson's disease, Korsakoff's syndrome, and stroke) were excluded from further analysis. The final baseline sample included 3484 participants and 703 participants with MRI data. Demographic characteristics for both of these samples are presented in Table 1 .
Neuropsychological assessment
Each participant received a neuropsychological battery of tests in which core cognitive abilities were assessed including memory, visual-spatial, executive function, and language. The tests included in the battery comprised subtests from widely used and standardized neuropsychological tests (for further details on how the battery was developed, please refer to Stern et al., 1992) . Individual subtests for each of the four composites are described in the supplemental section.
Depressive symptoms assessment
A 10-item version of the Center For Epidemiologic Studies Depression Scale (CES-D) (Irwin et al., 1999) was used to assess depressive symptoms. Participants responded either 'yes' or 'no' to each of the questions on this scale.
Cognitive reserve measures
We used two commonly used proxies of CR: (i) level of education and (ii) reading level. Level of education was expressed as the number of years an individual reported in full time education. Reading level was determined for English speakers using the subtest from the Wide Range Achievement Test, 3 rd edition (Wilkinson, 1993) and the Word Accentuation Test (Del Ser et al., 1997) for Spanish speakers. Reading level scores were z-scored for both the English and Spanish versions and placed on the same scale.
Magnetic resonance imaging procedure
Magnetic resonance imaging was performed on participants using a 1.5 T Philips Intera scanner at Columbia University Medical Center. The scans were then electronically transferred to the Imaging of Dementia and Aging Laboratory at the University of California at Davis where they were processed. Measure of total brain, cranial, and WMH volumes were obtained from fluid attenuated inverse recovery T2-weighted images [repetition time (TR) = 11,000 ms, echo time (TE) = 144.0 ms, 2800 inversion time, field of view (FOV) 25 cm, 2 nex, 256 × 192 matrix with 3 mm slice thickness] using procedures previously described elsewhere (DeCarli et al., 1992 (DeCarli et al., , 1995 (DeCarli et al., , 1996 
Statistical analysis
First, we performed separate three-step hierarchical multiple regression analyses in the baseline sample to assess whether there was an interaction between CES-D sum scores and either one of the two CR measures to predict performances on the four cognitive domains. Demographic covariates, including age, gender, and race, were included in the first step, and CES-D scores and one of the CR variables (i.e., education/reading) in the second step. The interaction term, CES-D by one of the CR variables, was included in the final third step. Continuous variables, that is, age, years of education, and CES-D scores, were centered by subtracting the sample mean, prior to forming the interaction term. All statistical procedures were then repeated in the subsample of participants who had undergone MRI scans. In the first block, we controlled for age, gender, and race. CES-D scores and one of the CR variables (i.e., education and reading) were included in the second block, and the interaction term in the third block. Separate multiple regression analyses were then run on each of the four cognitive domains. However, the primary purpose of using this sample was to examine whether the CR variables moderated the potential association of depressive symptoms on the brain. Therefore, following the analyses and using the cognitive outcome measures, we replaced these with the measures of total WMH volumes, total hippocampal volumes (HV), and total brain volumes (BV) in separate multiple regression analyses. Table 2 shows the coefficient values for each of the predictor variables, when using education as the moderator. Increases in CES-D scores were associated with decreases in language ability and executive function but not memory or visual-spatial ability. Conversely, increases in years of education were associated with increased performance in all of the cognitive domains. There was an interaction between CES-D scores and education for all the cognitive domains except for visual-spatial ability. These interactions revealed that increasing CES-D scores had a greater effect on cognitive performance for individuals with high versus low education (Figures 1 and 3) . Using reading level as the moderator, similar trends were noted in our analyses (Table 2) The moderator values (i.e., reading and education) are the sample mean plus/minus one standard deviation from the mean. All graphs were generated using MODPROBE, a graphical tool designed for plotting two-way interactions (Hayes and Matthes, 2009 ).
Results
Baseline sample
Magnetic resonance imaging subsample
A significant main effect for both education and reading on all four of the cognitive performance measures (p < 0.001) in each of the regression analyses was revealed (Table 3) . CES-D scores were inversely associated with executive function when either education or reading was used in the model but not with any of the other cognitive domains. However, no significant interaction effects between either of the CR measures and CES-D scores were revealed with any of the cognitive outcome measures. However, there was a trend for significance (p = 0.069) for the interaction term 'reading by CES-D' on memory performance, in a similar direction to that reported from the baseline data.
Total WMH volumes, HV, and BV were then used as the dependent variables in the analyses. When BV was used as the outcome measure and education was used as the moderator, there was a significant positive association with education (p = 0.003). There were no other main effects for either education or CES-D scores on total WMH or total HV. When the reading variable was used as the moderator in the models, there were no significant main effects of CES-D scores on WMH volumes, BV, or HV. However, reading was positively and significantly associated with total HVs and total BVs, p = 0.048 and p = 0.002, respectively. There were no statistically significant effects for either of the interaction terms (i.e., education by CES-D and reading by CES-D), on any of the brain variables. However, the interaction between reading and CES-D scores was of borderline significance (p = 0.062) when total BV was used as the outcome measure. This observation indicated that those with lower reading scores exhibited a decrease in brain volume as depressive symptoms increased, while this effect was minimized in those with increasing reading scores.
Discussion
The novelty of this study relates to investigating whether CR moderates the relationship between depressive symptoms and cognition, within a large, racially diverse, community-based sample. An additional novelty relates to investigating whether CR acts as a moderator in the association between depressive symptoms and specific volumetric brain measures. Contrary to what we predicted, we found that those who were more highly educated and/or had greater reading scores showed greater decrements in cognitive performance as depressive symptoms increased than those with lower years of education or reading scores in the baseline sample. While Bhalla et al. (2005) reported that greater education does not buffer the effect of depressive symptoms on cognitive performance, the authors did not report that those with greater education showed more decrements in cognitive performance relative to those with lower years of education. Therefore, these results are not entirely consistent with our finding.
However, findings more closely related to this investigation come from two separate studies that showed that depressive symptoms, within a longitudinal design, were associated with an increased risk of cognitive decline but only in those who were more highly educated (Geerlings et al., 2000a (Geerlings et al., , 2000b . One interpretation of our findings could be that those with greater CR show more impairment in cognitive performance as symptoms increase because they have greater to 'fall'. The impact of depressive symptoms on those with lower CR may not be as apparent as those with greater CR, as they are already performing at a lower cognitive level. We may also speculate that low mood impaired cognitive performance, that is, disruptions in more fundamental processes such as attention and/or processing speed due to low mood or distracting thoughts rather than neuropsychological impairment per se (Nebes et al., 2000) . Again, these disruptions may be more pertinent to those performing at a higher cognitive level. One final explanation may be that those with greater CR may be more likely to experience depression as cognitive impairment increases.
While there was some discrepancy between the findings in baseline and subsample (i.e., no significant interactions were revealed in the subsample), this may be accounted for by a lack of power. Equally, it could have also been due to an overall significantly lower mean CES-D score in this subsample compared with the baseline sample. Perhaps a larger sample or higher mean CES-D score would better reveal this association and yield some clarity to this particular issue.
The marginally significant finding that those with lower reading scores showed a greater decrease in total brain volume than those with greater reading ability may be of interest. Much research has shown that both regional (Janssen et al., 2007) and overall structural changes (Pantel et al., 1997) are related to the onset of some 'subtypes' of depression (Krishnan, 2002; Alexopoulos et al., 2004; Geerlings et al., 2012) . Perhaps, lower CR individuals may be more at risk of this type of 'biological'-related depression. However, the direction of this association is far from clear. It may be that depression results in volume loss, rather than the reverse. Nevertheless, understanding this subtype of depression in the context of CR may aid our understanding of the mechanisms that contribute to some causes of depression and not others. The findings from the present study provide some tentative justification for exploring this further.
Similarities and differences in results derived when using education versus reading performance We employed two common proxies for CR in the present study-reading ability and education. The findings were almost identical when either CR proxy was used in our analyses. For example, there was a significant interaction effect between depressive symptoms and both of the CR variables for memory, executive function, and language performance but not visual-spatial ability in the baseline sample. These similarities are further illustrated by the shape of the regression slopes (as depicted in Figures 1, 2 and 3) when either reading or education was used as the moderating variable. While no significant results for these analyses were revealed in the subsample, there was a borderline significant finding for the interaction between reading and CES-D on both memory performance and total BV. However, these two trends were not evident when education was used as the moderating variable, perhaps indicating that reading ability may be a more sensitive proxy for CR in the present sample. This is in line with previous research that showed in a subsample of the WHICAP study that reading level was a better indicator of decline in memory, executive function, and language performance than years of education (Manly et al., 2005) . Nevertheless, this difference between the CR variables was less apparent in the cross-sectional design of the present study. However, future research aimed at exploring this topic from a longitudinal perspective may benefit from a closer consideration of the chosen CR variable.
Limitations
The cross-sectional design of this study is an obvious limitation insofar as elucidating the pathways, both cognitive and biological, in which depressive symptoms influence cognition as a function of CR. In addition, the findings from participants reporting depressive symptoms may not be generalizable to those with clinical depression; it may be that greater severity of depressive symptoms would result in a different cognitive outcome for the individual irrespective of their level of CR. However, investigating the role of CR in clinical depression on both cognition and neuroanatomical structures would be worthwhile for future research. A further consideration in interpreting the results of the study is that despite the broad range of education level in the present sample, the mean years of education was relatively low. This is explained by the majority of the sample being non-White, categorized as either African American or Hispanic composing approximately 72% of the sample. These groups together have a lower mean education (7 years) than the White group (13 years). It is possible that there may be some culturally based differences related to educational experience that may have impacted neuropsychological test performances. Future research could examine how the interaction between depression and CR on neuropsychological performance may vary within these ethnic groups.
Conclusion
Our findings indicate that the association between late life depressive symptoms and core aspects of cognition varies depending on one's level of CR. Those that had greater levels of education and/or reading ability showed a greater decrease in memory, executive function, and language performances as depressive symptoms increased than those with lower years of education and reading ability.
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Key points
• Cognitive reserve influenced the association between depressive symptoms and core aspects of cognition, but this association was the inverse of what we had predicted.
• Those with greater levels of cognitive reserve showed decrements in cognitive performances as depressive symptoms increased, while this effect was minimal in those with lower levels of cognitive reserve.
• While there were no significant interaction effects between the measures of cognitive reserve and depressive symptoms, a borderline interaction effect between reading level and depressive symptoms on total brain volume indicated that those with lower reading levels showed a decrease in brain volume as depressive symptoms increased.
• Future research may clarify the potential association between late-life depressive symptoms and brain volumes in the context of cognitive reserve in a larger sample and/or with participants endorsing a higher mean depressive symptom score than in the present study sample.
